Abstract: An electrically tunable focusing LC lens with a low voltage and simple planar electrodes is demonstrated. The inhomogeneous electric field of the LC lens without any hole-patterned-electrode is generated by using an embedded polymeric layer with a gradient distribution of dielectric constants (or relative permittivity). LC directors in the LC layer experience spatially inhomogeneous voltages even though a single voltage is applied to the planar electrodes. Such a LC lens has a low voltage (~2.6 V rms ) and simple design of electrodes. The gradient distribution of dielectric constants of polymeric layer is discussed and the performance of the LC lens is investigated. The applications of such a LC lens are cell phones, webcam, and pico projectors.
Introduction
Electrically tunable-focusing liquid crystal (LC) lenses have many applications, such as 3D displays, optical tweezers, imaging systems, and eye glasses. The electrically tunable focal length of LC lenses results from the electrically tunable distribution of refractive indices due to the orientations of LC directors controlled by applied electric fields. In addition, LC lenses are light and compact with low power consumption. Thus, LC lenses are very suitable for the applications of portable devices. However, high driving voltage (~90 V rms ), low lens power (~5 Diopter) and small aperture (< 2 mm) of LC lenses still need to be solved for applications [1] [2] [3] [4] [5] . Several LC lenses are proposed for achieving low driving voltage, such as pixelated LC lenses (~5 V rms ) [6] [7] [8] [9] [10] [11] , LC lenses with modal controls (~10 V rms ) [12] [13] [14] [15] , LC lenses with a hole-pattern-electrode and a weakly conductive layer (~3.5 V rms ) [16] [17] [18] [19] [20] [21] [22] , and LC lenses with two hidden dielectric layers (~20 V rms ) [23] . The driving scheme and the electrode design of pixilated LC lenses are complicated. LC lenses with modal controls and LC lenses within a hole-pattern-electrode and an extra weakly conductive layer require a hole-pattern-electrode to generate inhomogeneous electric fields to the LC layer and the conductive layer requires a high driving frequency (~6000 Hz). LC lenses with two hidden dielectric layers do not need a hole-pattern-electrode; however, they have Fresnel reflections between two hidden dielectric layers and Fresnel reflections affect the image quality of LC lenses. The extra alignment layer is also needed to align LC directors. Recently, we proposed a LC lens with built-in polymeric layer to shift the range of tunable focus length [24] . However, the voltage is still high (~35-90 V rms ) and it requires a hole-patterned-electrode to generate inhomogeneous electric field to the LC layer. In this paper, we demonstrate a LC lens without any hole-patterned-electrode and the inhomogeneous electric field to LC layer is generated by using an embedded polymeric layer with a gradient distribution of dielectric constants (or relative permittivity). LC directors in the LC layer then experience spatially inhomogeneous voltages even though a single voltage is applied to the planar electrode. Such a LC lens has a low voltage (~2.6 V rms ) and simple design of electrodes. The gradient distribution of dielectric constants of polymeric layer is discussed and the performance of the LC lens is investigated. The applications of such a LC lens are cell phones, webcam, and pico projectors.
Structure and operating principles
The structure of the LC lens is depicted in Fig. 1(a) . The LC lens consists of two ITO glass substrates coated with mechanically buffered PVA (Polyvinylalcohol) to align LC molecules, a LC layer and a polymeric layer. The polymer layer is composed of the polymer networks and liquid crystals. In the polymeric layer, the LC directors anchored among the polymer networks have a symmetric lens-like distribution of refractive indices and also a symmetric distribution of the relative permittivity (or dielectric constants). As a result, the polymeric layer has a fixed focal length with a non-uniform distribution of dielectric constants. The LC directors in the LC layer are then aligned homogeneously by the polymeric layer and the bottom alignment layer with pretilt angle ~2 degree. At the voltage-off state (V=0), the focal length of the LC lens (f(V)) comes from the polymeric layer only because of no phase difference in LC layer, as shown in Fig. 1(a) . When the applied voltage exceeds threshold voltage (V th ), the LC layer experiences an inhomogeneous electric field due to the nonuniform dielectric constants of the polymeric layer. The liquid crystal directors in the LC layer are then reoriented by the non-uniform electric field; therefore, the LC layer acts as a lens. The focusing properties of the LC lens depend on the focusing properties of two sublenses: one is the LC layer and the other is the polymeric layer. The total focal length (f(V)) of the LC lens can then be expressed as [24]:
where f p is the fixed focal length of the polymeric layer. The electrically tunable focal length of the LC layer
where D is the aperture width, λ is the wavelength of the incident light and ∆δ is the phase difference between the center part and the border part of the aperture. The LC lens at a fixed location (x, y) along z-direction in Fig. 1(a) is equivalent to two capacitors connected in series resulting from the polymeric layer and the LC layer. The equivalent capacitor of the polymeric layer is defined as C p (r), where r is (x 2 + y 2 ) 0.5 . The equivalent capacitor of the LC layer is C LC (r). When we apply a voltage (V) to the LC lens, the voltage on the LC layer (V LC (r)) can be expressed as:
The capacitors C p (r) and C LC (r) also depend on the thickness of the LC layer (d LC ), the thickness of the polymeric layer (d p ), the dielectric constant of the LC layer (ε LC (r)), and the dielectric constant of the polymeric layer (ε p (r)). The Eq. (2) can be further written as: 
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We defined ∆ε p as ε p (r)-ε p (0) and d p equals to d LC in our structure. Equation (4) can be simplified as:
In Eq. (5), in order to generate a voltage distribution to the LC layer when we apply a voltage (V) to the LC lens, we adopt a polymeric layer with a distribution of dielectric constant (i.e. ∆ε p ≠0). In Eq. (3), Eq. (4), and Eq. (5), we assume ε LC (r) is a constant; however, the variation of ε LC (r) should be considered. The variation of ε LC (r) under applied voltages lowers V LC and also lowers ∆V LC . ∆V LC can be further re-modified after considering the variation of ε LC (r). ε p (r) can be adjusted by the orientation of monomers which follows the equation [25]:
where ε // and ε ⊥ are the dielectric constants of the polymeric layer which the electric fields parallel and perpendicular to the long axes of monomer molecules. θ(r) is the tilt angle between the long axes of monomer molecules and the x-axis in Fig. 1(a) . By adjusting the distribution of the dielectric constants of the polymeric layer, we can generate a spatial distribution of the voltages in LC layer even though we just apply a single voltage to the electrodes. The gradient refractive index distribution of the LC layer resulted from the spatial distribution of the voltage generates the lens-like phase difference ∆δ and thus the focal length of the LC layer. The driving voltage can also be reduced by controlling the distribution of the dielectric constants of the polymeric layer. Moreover, the smaller driving voltage V can be achieved by reducing the thickness of the polymeric layer d p form Eq. (3). Compare to the glass substrate or the hidden dielectric layer which consists of two dielectric materials [23], the polymeric layer with thin thickness can be easily achieved. Therefore, the electrically tunable focus LC lens with low driving voltage and simple electrodes can be realized.
Experimental results and discussion
To fabricate the polymeric layer with gradient dielectric constant distribution, we first sandwiched NOA81 (Norland) between two ITO glass substrates and one of the glass substrate was etched with a hole-pattern within a diameter of 2 mm. Then we exposed UV light to solidify the NOA81, as shown in Fig. 2(a) . The layer of NOA81 is an insulating layer between two electrodes. We coated the bottom substrate (in Fig. 2(a) ) with the mechanically buffered polyvinyl alcohol (PVA) as the alignment layer and then prepared another ITO glass substrate coated with the mechanically buffered PVA. We then filled nematic LC (Merck, MLC 2070), reactive mesogen (Merck, RM 257), and photoinitiator (Merck, IRG-184) at 79:20:1 wt% ratios between two PVA layers, as shown in Fig. 2(b) . The cell was then applied two voltages: V 1 = 160 V rms (f = 1kHz) and V 2 = 27 V rms (f = 1kHz). The reason why we used two voltages is that we can obtain the continuous distribution of the electric field and also reduce the disclination lines of the polymeric layer. The call was then shined the UV light (~1.25 mW/cm 2 ) for 1 hour at 70°C, as depicted in Fig. 2(b) . After photopolymerization, we peeled off the glass substrates by a thermal releasing process and obtained the polymeric layer on a PVA/ITO coated substrate, as shown in Fig. 2(c) . Then we sandwiched nematic LC mixture MLC-2070 (Merck, ∆n = 0.26 for λ = 589.3 nm at 20°C) between the polymeric layer and another ITO substrate coated with mechanically buffered PVA as shown in Fig. 1(a) . Both of the thicknesses of polymeric layer and LC layer (in Fig. 1 or Fig. 2(d) ) are 25 µm. The fabrication process of the LC lens is similar to the previous work [5, 24] , but we peel off the patterned top substrate in this design instead of non-patterned bottom substrate. For observing the phase profile of the LC lens, we put the LC lens under crossed polarizers. The rubbing direction of the LC lens was 45° with respect to the transmission axis of one of polarizers. The observed images at 0 V rms and 2.6 V rms (f = 1kHz) ere shown in Fig.  3(a) and Fig. 3(b) . In Fig. 3(a) , the concentric rings of the LC lens at V = 0 indicate the phase profile of the polymeric layer. In Fig. 3(b) , the concentric rings at 2.6 V rms indicate the phase profile of the combination of the polymeric layer and the LC layer. In Fig. 3(b) , the concentric rings are not smooth because of scattering. By improving the thermal releasing process, the surface of the polymeric layer can be smoother and then improve the phase profiles. We also examined the polymeric layer only under applied voltages, and we found that the phase profile unchanged under different voltage (< 20 V rms ). That means the focal length of the polymeric layer is fixed. The numbers of concentric rings can be converted in to the focal length (f) by using the equation: f = D 2 /8λN, where D is the aperture size, λ is the wavelength, N is the number of concentric rings of the phase profile. The initial focal length of the LC lens is 15.6 cm determined by the polymeric layer. When the applied voltage is larger than the threshold voltage (~1 V rms ), the number of the rings increases because the focal length decreases. In Fig.  3(b) , the focal length of the LC lens is 11.7 cm at 2.6 V rms . The increased phase different is around 4π caused by the phase different of the LC layer. Based on the phase profiles, we plotted the voltage-dependent focal length of the LC lens, as shown in Fig. 4 . The focal length decreases from 15.6 cm to 11.7 cm as the applied voltage increases from 0 V rms to 2.6 V rms , and then increase when the applied voltage is larger than 2.6 V rms . In Fig. 4 , the focal length at 0 V rms is the focal length of the polymeric layer only. That means the LC lens can be operated in a low driving voltage (< 2.6 V rms ) and simple electrodes without patterned-hole electrodes. We calculated the focal length contributed by the LC layer only as a function of applied voltage according to Eq. (1). The focal length of the LC layer decreases from infinity to 47 cm as the voltage increases from 0 V rms to 2.6 V rms (pink triangles in Fig. 4) . The focal length of the LC layer then increases when the voltage exceeds 2.6 V rms . When the applied voltage is switched from 0 to 2.6 V rms and from 2.6 V rms to 0, the switching time is 2.5 seconds and 630 milliseconds, respectively. The slow rise time can be improved by the overdriving method [26] . In fact, the LC lens shows slightly scattering with an applied voltage because of three reasons. One is the mismatch of refractive indices between polymer networks and LC directors in the polymeric layer. The second is the imperfect alignment of LC directors in the LC layer due to the weak alignment capability of the polymeric layer. The third is the roughness of the polymeric layer which is controllable by adjusting fabrication process. Therefore, the scattering results from the roughness of the polymeric can be reduced. To calculate the distribution of the relative permittivity of the polymeric layer (∆ε p (r) = ε p (r)-ε p (0)), we calculated ∆n(r) which is defined as the difference of refractive indices between the center (i.e. r = 0) and the edge of the LC lens (i.e. ∆n(r) = n(r)-n(0)). The measured refractive indices of the center of the polymeric layer is 1.78 (i.e. n(r = 0) = 1.78) which means the LC directors are aligned along x-direction in the center of the aperture in Fig. 1(a) . n(r = 0) is obtained by measuring phase shift using Mach-Zehnder interferometer. The percentage of LC is high (~80 wt%) and therefore n(r = 0) is very closed to extraordinary refractive index of host LC (~1.78). ∆n(r) then can be obtained from Fig. 3(a) 
where n pe is 1.78 which is the refractive index of LC directors of the polymeric layer aligned along x-direction for the x-linearly polarized light in Fig. 1(a) , and n po is 1.52 which is the refractive index of LC directors of the polymeric layer aligned along z-direction for the xlinearly polarized light in Fig. 1(a) . We also measured ε // and measured ε ⊥ of the polymeric layer in Eq. (6) using a LCR meter (Hewlett Packard 4284A). As a result, ε p (r) is obtained by substituting the result of θ(r), the measured ε // , and measured ε ⊥ (ε // = 14 and ε ⊥ = 4.6) into Eq. (6). The relative permittivity (ε p (r)) as function of position (r) can be plotted in Fig. 5 . The relative permittivity increases from 4.60 to 8.66 from the center to the edge of the aperture of the LC lens. The phase distribution of the LC layer at different applied voltage is also illustrated in Fig. 6 according to the phase profile of the LC lens and the phase profile of the polymeric layer. In Fig. 6 , the phase distribution of the LC layer is more parabolic with an increase of an applied voltage. The larger phase difference of the LC layer between the center of the aperture (i.e. position is zero in Fig. 6 ) and the edge of the aperture (i.e. position is 1 mm or −1 mm in Fig. 6 ) represents the shorter focal length of the LC layer which agrees with the results in Fig. 4 . From Fig. 5 and Fig. 6 , the gradient distribution of relative permittivity of polymeric layer causes an inhomogeneous distribution of applied voltages even though we only apply a single voltage to the ITO electrode. Figures 7(a) and 7(b) show the image performances of the LC lens. The imaging system consists of a polarizer, the LC lens, a lens module with the effective focal length of 3.7 mm and an image sensor with 2 Mega pixels. The photos were taken under an ambient white light. The objects were at 7 cm away from the LC lens. The images are out of focused and focused when the applied voltage is switched between 0 V rms and 2.6 V rms , as shown in Fig. 7 (a) and 7(b). The tunable focusing range of the LC lens is around ~2.14 diopter for the focal length is from 11.7 cm to 15.6 cm. To increase the tunable focusing range, we can increase ∆V LC to enhance the distribution of the refractive indices of the LC layer. To increase ∆V LC , we can enlarge ∆ε p by using LC and monomers with high dielectric anisotropy or applying a large gradient electric field during curing process. 
Conclusion
We have demonstrated an electrically tunable focusing LC lens with low driving voltages and a simple electrode without any hole-patterned electrodes. The operating voltage is low ~2.6 V rms . The structure of the LC lens is simple and compact. We also demonstrated the image performance by using the LC lens. We still need to improve the polarization dependency, slow response time and image quality. To remove the polarization dependency, we can change different LC mode in the LC layer [27] [28] [29] [30] [31] [32] . The response time can be improved by improve the materials of LC, change the driving scheme or adopting the method of two mode switching [3, 26] . The LC lens with low driving voltages and a simple electrode can have great impacts in auto-focusing cell phones, webcam and cameras.
